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ABSTRACT
Interdigital dielectrometry has been shown to be valuable in material characterization. Using
dielectrometry instrumentation from prior research, accurate capacitance and conductance
measurements between two electrodes can be obtained. Using this research and its associated
equipment, we extend the dielectrometry method to the detection of buried landmines.
Landmines of different materials that have different conductivities and permittivities from the
surrounding sand can be detected using this methodology. In this particular research, an
aluminum surrogate mine, a Teflon surrogate mine, and a Teflon shell surrogate mine are studied
in detail with varying parameters such as sensor lateral position, driving voltage frequency, and
mine depth. Computer simulations were also performed to gain understanding of the
measurement results.
All tests were done over a laboratory sandbed 1.2 meters long and 1 meter wide. An automated
measurement system was constructed to take repetitive and automatic lateral sweeps over the
sandbed with the model sensor.
From improvements that were made to sensor design and setup and the data obtained, it was seen
that dielectrometry is a viable method for detecting and distinguishing buried landmines.
Thesis Supervisor: Markus Zahn
Title: Professor of Electrical Engineering
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Chapter 1 Introduction
1.1 Background
Detection and discrimination of buried metal and low-metal content landmines can be
accomplished using model based dielectrometry technology. Dielectrometry measure-
ments can detect and discriminate both non-metal and metal objects buried in the ground.
For example, the presence of low dielectric constant plastic landmines in high dielectric
constant sand will decrease the measured capacitance between two electrodes and the
presence of highly conductive metal in the sand will increase the measured capacitance
between the electrodes. Further improvements in measurement sensitivity and object dis-
crimination is gained from low frequency measurements of terminal conductance as well
as capacitance and from their variation with frequency. Signatures from dielectrometry
frequency spectroscopy measurements can be used to enhance detection sensitivity and to
minimize false alarms. Computer based models can relate sensor terminal admittance
measurements to identification of the size, location, and material of buried objects.
Figure 1.1: Dielectrometry Sensor Configuration
Guard Plane
Drive Electrode Sense Electrode Drive Electrode Sense Electrode
1
1.2 Dielectrometry
The theory of using interdigital dielectrometry measurement has been researched by Pro-
fessor Markus Zahn and Alexander Mamishev [1,2]. The original motivation for this re-
search is to correctly characterize the permittivity and conductivity of a material from one
side without using parallel plate electrode measurements [3]. In interdigital dielectrome-
try measurements, adjacent flat electrodes are placed in the same plane over the material
to be measured. Drive electrodes, or electrodes with an imposed sinusoidal voltage at
radian frequency (o, are placed between sense electrodes. The sense electrodes are used
to calculate the capacitance and conductance between the two electrodes from measure-
ments of floating voltage or short circuit current of the sensing electrode. The capaci-
tance and conductance of a sensor adjacent to an unknown medium varies with
frequency. With the help of computer simulation models, it is possible to obtain the per-
mittivities and conductivities of the material being measured from these measurements of
capacitance and conductance. With this information, it is possible to either determine
what material is being measured by comparing it to previously known results or newly
characterize a material with unknown properties.
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Figure 1.2: Simplified View of Capacitance and Conductance Measuring System for
Floating Sense Electrode Voltage Measurement
Y12
Vdrive 12^ sense
CL
There are several different methods for measuring the transcapacitance and transconduc-
tance between the drive and sense electrodes. The first method is to use a capacitive
voltage divider relationship. Instrumentation to be later described is capable of meas-
uring the voltage gain and phase shift between the node specified by Vsense and the node
specified by Vdrive. From these measurements, it is possible to determine the transcon-
ductance and transcapacitance, G12 and C12. The model shown in Figure 1.2 is a simpli-
fied model of the measurement scheme where the sense electrode is loaded with a known
load capacitance CL and has the backplane guarded at the same voltage as Vsense. C12 and
G 12 can be found from the measurements of the magnitude and the phase of the complex
voltage gain G
G Vense G12 + j(OC12 GR+ jG, (1)
Vdrive G12 + jW(C12 + CL)
with magnitude and phase
2  G12 2 +) 2 C122  2 G 2||G|| = =,-- F 2 2G12 2+(02 (C12 +CL)2 VR+ 2
3
ZG = tan~' C12 1_ - tan~
G12
C12+CL iG
= tan-
G12 GR
(3)
The real and imaginary parts of the complex gain G in terms of the gain magnitude and
phase are
GR = |G| cos ZG
G, = IG| sin ZG
(4)
(5)
The conductance G 12 and capacitive admittance OC1 2 are then obtained by matching real
and imaginary parts of the gain equation in (1).
G -(LG(1 -GR)
G,2 + LGRG, -1 + GR
C 2 =CL(GI2 +GR2(C12 = (1 -GR )GR -G|
(6)
(7)
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Chapter 2 Experimental Setup
2.1 Landmine Detector System
Industry partner Jentek Sensors, Inc. has supplied a capacitive landmine detector to be
used as a model validation tool in our laboratory sandbed. The apparatus consists of a
drive electrode, a sense electrode, a guard electrode, and a guard plane. A photograph of
the landmine detector appears in Appendix VI. The electrodes are 40 cm long, 5 cm
wide, and 1 mm thick. The guard electrode is placed 4 mm above the sense electrode.
We call the distance between drive and sense electrodes s. The purpose of this guard
electrode is to prevent electric field lines from terminating on the sense electrode from
above. Only electric field lines that start on the drive electrode and head downwards to-
wards the sandbed and terminate on the sense electrode from below will be sensed. The
Figure 2.1: Configuration of Jentek Sensors, Inc. Model Validation Sensor
Guard Electrode
~~zzz~ ________Guard PlaneS Drive Electrode
Sense Electrode
electrodes in the best position for surface landmine detection are placed 10 cm apart. The
guard plane is placed 10 cm above the drive and sense electrodes and is a square of 40 cm
by 40 cm. Figure 2.1 shows the experimental setup. Cylindrical landmine surrogates
were 7.2 cm in diameter and 40 cm long so that the experiment would correspond to two
dimensional computer simulations.
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The guard electrode is held at the sense voltage through a buffer amplifier so that there is
no effect from the capacitance between the guard electrode and the sense electrode. A
wire connects the drive electrode to a driving source voltage of up to 100 V peak sinusoi-
dal voltage with frequency range of 0.005 Hz to 10 kHz. Another wire connects the
sense electrode to a known load capacitor, CL, which is in turn connected to ground. The
equivalent circuit is shown in Figure 1.2
Y12= G12+joC12 represents the transadmittance at radian frequency (0 between the drive
and sense electrodes with a transconductance G12 in parallel with a transcapacitance C12
which depends on the permittivity and conductivity of the medium between the two elec-
trodes. The controller's Gain/Phase Meter (GPM) is responsible for generating both the
drive voltage and measuring the sense voltage. The controller measures the magnitude of
the gain between the .two electrodes in decibels as well as the phase shift in degrees.
From this information, it is straightforward to calculate the transadmittance between the
sense and drive electrodes using relationships derived in Section 1.2. Known load ca-
pacitor CL provides for a voltage divider relationship between Vsense and Vdrive as shown
in Figure 1.2 and given by equation (1). A load capacitor CL of 20 pF was used for all
our floating voltage measurements.
Once the gain magnitude and phase shift are measured, one solves for the two unknowns,
G 12 and C12 as given by (6) and (7). Thus, by using this circuit and its controller, one can
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measure the change in transcapacitance and transconductance between the two electrodes
due to the presence of metallic and non-metallic landmine surrogate materials.
In the second phase of research of this project, the short-circuit mode measurement of the
sensor was adopted in order to have less noise than the previously described measure-
ment technique of having floating sense electrode voltage connected to a known load ca-
Figure 2.2:Equivalent Circuit Model of Short Circuit Dielectrometry
Measurements
CF
Y12
SC12
Vdrive
G12
v s
pacitor. The short circuit measurement mode circuit is shown in Figure 2.2. In this
setup, to measure the transadmittance, current It is measured using the op-amp and feed-
back capacitor, CF. The voltage gain G is measured
V, -(Go +J)C12).G = 12  = GR + jG, (7)
Vaive CFJW
and the transadmittance is calculated.
C12 = -GRCF (8)
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G1 = oGICF (9)
A CF Of 100 pF was used to take the sandbed data. Throughout this report, FV will be
used to denote floating voltage measurements and SC will be used to denote short circuit
mode measurements.
2.2 Measurement of System Parameters
2.2.1 Amplification of Drive Signal
In order to improve the signal to ambient noise ratio of measurement, the driving voltage
is amplified lOOX in the setup from 1V peak sinusoid to 100 V peak sinusoid. Prior to
this improvement, no accurate measurements could be made because of the small signal
to noise ratio. To obtain the actual gain that is measured, 40 db is subtracted off of the
measured gain in order to account for the 10OX amplification. A Trek Model 50/750
power amplifier was used to amplify the driving voltage to 100 V peak. There was no
noticeable effect on the measured phase.
After amplification, the spectroscopy measurements have in general been smooth and
without jagged edges, a clear signature that the measurement noise is negligible.
2.2.2 Electrode Spacing
A spacing of s=10 cm between drive and sense electrodes was chosen after a variety of
simulations and measurements revealed that such a spacing resulted in a sharper land-
mine detection response in the measurement of different materials as the detectors hori-
zontal position was changed. In general, one high amplitude change in capacitance and
conductance is desired in the detection scheme. Figure 2.3 shows the difference between
s=30 cm and s=10 cm in computer simulations. From Figure 2.3, it is clear that the 10
8
cm spacing gave a stronger response as well as the desirable single peak with detector
horizontal position.
All reported standard measurements were done with the detector electrodes lifted 1 cm
off of the flat sandbed.
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Figure 2.3: Calculated Capacitance for Buried Aluminum and Teflon
Landmine Surrogates with (a) s=10 cm and (b) s=30 cm Spacing between
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2.2.3 Surrogate Landmine Materials
Three cylindrical surrogate landmines of different materials were studied in detail in the
experiments. The mines had diameters of 7.2 cm and were 40 cm long. One landmine
surrogate was made of solid aluminum, which we treat in the simulations to have perfect
conductivity. One landmine was made of solid Teflon, which we treat in the simulations
to have a relative permittivity of 2.1. The third surrogate landmine was a hollow Teflon
shell 4 mm thick. A photograph of these surrogate landmines appear in Appendix VI.
2.3 Preparatory Measurements
2.3.1 RC Measurements
To verify that the controller was functioning properly, a floating voltage mode test with 1
V drive voltage was performed to insure that it would give the correct values for G12 and
C12 . We replaced the sensor with a known resistor value (4.7 x 106 Ohms) and a known
capacitor value (47 pF) that were connected in parallel between the sense and drive con-
nections on the GP (Gain/Phase) controller. The load capacitor for this measurement was
kept at 20 pF. The controller with Vdrive registered the correct gain and phase shift of the
parallel R and C configuration, to confirm that the controller was functioning properly.
One can see from the plot in Figure 2.4 that the correct gain and phase were measured
throughout the operating frequencies of 0.1 Hz to 10 kHz. This type of RC measurement
has been performed throughout the research on the controller box to verify correct opera-
tion. With the 100X amplification at the drive electrode, it is necessary to use much
smaller capacitors (C12<<CL) and larger resistors (G12<(O(C12+CL)) in order to correctly
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perform the test without saturating the sense electrode at low frequencies. The maximum
sense electrode voltage one can measure without saturation is approximately 5V.
Figure 2.4: Parallel Resistor-Capacitor Measurements (o) of the Voltage Gain Magnitude
and Phase Compared to Theory (x) to Verify Proper Operation of the Dielectrometry
Measurement System (FV)
ciD
U)
1.1
10
0.9
0.8
0.7
0.6
-1
5
-10
-15
-1
0
0
1
Frequency
1
2
2
3
3
4
4
Frequency
2.3.2 Frequency Spectroscopy of Sandbed
In order to do computer simulations with sand, the correct conductivities and permittivi-
ties for sand were needed as a function of frequency. This was done using a parallel plate
measurement. The parallel plate electrode setup was guarded and measurement accuracy
was confirmed by measuring the parallel plate capacitance in air. The permittivity of air
was measured to be very close to E0=8.854x10- 2 F/m and the conductivity was meas-
ured to be very close to 0. These parallel plate measurements over the frequency range
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of 0.1 Hz to 10 kHz in sand are shown in Figure 2.5 and are listed in Appendix I together
with the air measurements. The sand used is common play sand, in this case, a combina-
tion of silica sand and limestone from Quikrete Companies.
The observable pattern in Figure 2.5 is that the relative permittivity of sand decreases
with increasing frequency, while the conductivity in Siemens/meter increases with in-
creasing frequency. This experiment had been previously done and the same results were
obtained. The permittivity and conductivity of the sandbed has not changed too much
over the last couple of months as regular checks have been made to make sure that the
dielectric properties of the sand are generally unchanged. These measured results for the
sandbed as listed in Appendix I are used in our computer simulations.
Figure 2.5: Dielectric Spectrum of Laboratory Sandbed Measured using Guarded
Parallel Plate Electrodes (FV)
)15
a)
> 10
5
0
-1
20
15
10
0
CO 5
0)
-1
0 1 2 3 4
169 Frequency (1Qon)
-0.5 0 0.5 1 1.5
Frequency (10n)
2 2.5 3
13
x
2.4 Automated Measurement System
In order to perform repetitive sweeps of lateral position at varying frequencies in a rea-
sonable amount of time, a system for automatic measurement using computer control and
stepping motors were devised and implemented as shown in Figure 2.6. Photographs of
the measurement system are shown in Appendix VI.
Figure 2.6: Top View of Automated Measurement Setup
5V DC
Computer Power Supply
Controller Box
Rail
Supports 4
Stepper Motor Stepper Motor
x
-15 0 15
In this setup, the sensor is placed on top of parallel rail supports that hold the bottom of
the sensor electrodes a centimeter off the sand surface. Two computer controlled stepper
motors are hooked up to the sensor using strings. These motors are responsible for pull-
ing the sensor left and right. These motors are controlled and powered by motor drivers.
The computer supplies the power for the digital circuitry on the motor driver boards,
14
while a separate DC power supply (HP 6284A DC Power Supply) supplies the drive
power for the motors. This DC power supply is set at 5V for this setup to insure that the
motor driver is operating under safe current conditions. Both supply voltages are refer-
enced to the same earth ground connection. The computer, in this setup, is responsible
for generating the pulses necessary for the motor controller to shift through the 8 different
states necessary for correctly turning the stepping motors. The computer also specifies
the direction in which the motor should turn. Thus, the three wires connecting the com-
puter to each motor driver are the wires carrying the signal of direction and pulse and the
wire supplying the DC power for the motor drivers' digital circuit. All wires are con-
nected at the computer end to a standard digital I/O board, in this case, the CYRDIO 24H
by CyberResearch.
The LA34BJK-200 motors and the D200 motor drivers were purchased from Eastern Air
Devices. The motors have increments of 1.8 degrees and a maximum current of 2 amps.
The analog power to the drivers was set close to 5V. Current was carefully adjusted us-
ing a pot on the driver.
The sensor is connected to the short circuit interface box which is in turn connected to the
GP controller. The GP controller is connected to the computer through the computer's
parallel port.
Programming of the system was done using a combination of C and C++. Source code
can be found in Appendix IV. In the program, the increment at which the sensor is ad-
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vanced at each step, the number of repetitions, the high frequency at which to start the
frequency sweep, and the low frequency at which to end the sweep can be specified. The
sensor can move a total of 30 cm about the center of the sandbed, which was chosen to
minimize the time to complete a sweep and to avoid end effects near the edge of the
sandbed.
The system, when operating, will start off at a starting initial position 15 cm left of the
center of the sandbed, take a GP measurement for the specified frequency range at that
position and move on to the next position, typically 1 cm or 2 cm away. Measurements
at each position are taken and recorded in a separate file. When the sensor finally reaches
and measures the final position 15 cm right of the sandbed center, the sensor gets pulled
back automatically to the starting initial position for subsequent lateral position sweeps.
16
Chapter 3 Computer Simulations
Computer simulations helped us to choose the best drive/sense electrode spacing. Previ-
ously, we had the sense and drive electrodes spaced 30 cm apart for greater depth pene-
tration into the sand. This gave us low capacitance values and a poor sensitivity to the
presence of landmine surrogates. From the simulations, we also saw that the difference
in capacitance as the sensors were swept over the test landmines was the greatest when
the test landmine was simultaneously near both drive and sense electrodes. It was ad-
vantageous to have just one large peak signal when the sensor passed by a landmine.
Figure 2.3 shows the advantage gained by having the drive and sense electrodes spaced
only 10 cm apart rather than 30 cm apart for 7.2 cm diameter cylinders. The change in
capacitance is greatest when the landmine is simultaneously near both electrodes.
Once the 10 cm spacing was determined as optimum, simulations were done for different
landmine surrogate materials. The simulations were done at different frequencies and
used the permittivity and conductivity values of sand at different frequencies shown in
Figure 2.5. The tabulated simulated conductance and capacitance as a function of fre-
quency (0.1 Hz < f < 104 Hz) for each of the tested landmine surrogates placed at the
horizontal center of the detector and just below the sand surface appear in Appendix II
and are plotted in Figures 3.1 and 3.2.
Figure 3.1 shows that an aluminum cylinder should produce the highest capacitance,
followed in order by sand only, a solid Teflon cylinder, a hollow Teflon cylindrical shell,
and finally just an air pocket of the same dimensions. One can see that the aluminum
17
Figure 3.1: Simulation Results of Capacitance with Different Buried Surrogate Mines;
s=10 cm, Electrodes placed 1 cm above Sandbed, Surrogates buried right beneath Sur-
face between Electrodes
x 10
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6 x 0 0 Teflon .
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5 - x
x
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cylinder produces a higher capacitance than regular sand and the Teflon cylinder pro-
duces a lower capacitance. From these plots, we also predict that the materials will be the
most clearly distinguishable at around 10 Hz. We thus chose to use 10 Hz for the lateral
sweeps for the mines, and the non-metal and aluminum cylinders were clearly distin-
guishable from each other and the sand.
Figure 3.2 shows how the transconductances change with landmine surrogate materials.
An aluminum cylinder in the sand has the highest conductance, followed by having sand
only, having a solid Teflon cylinder, having a hollow Teflon cylindrical shell, and finally
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just having an air pocket. Conductance differences between landmine surrogate materials
are not as large as the capacitance differences.
From Figures 3.1 and 3.2, we also see that the hollow Teflon cylinder closely approxi-
mates having just an air pocket. This is a useful result because it shows that it is possible
to fill the hollow Teflon cylinder with other materials that cannot be formed into solid
cylinders and use that to approximate having a cylinder of the material in question. The
hollow cylinder can also be filled with surrogates of explosive material or other landmine
components.
Figure 3.2: Simulation Results of Conductance with Different Buried Surrogate
Mines; s=10 cm, Electrodes placed 1 cm above Sandbed, Surrogates buried right
beneath Surface between Electrodes
x 160
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Chapter 4 Measurements
4.1 Laboratory Sandbed Measurements: Frequency and Position
Measurements were made throughout the project to validate the insights gained through
computer simulations. Measurements themselves were a key factor in many design deci-
sions. For example, there was a large amount of electrical noise when the drive voltage
was lV peak. We thus increased the driving voltage to IOOV peak. This voltage increase
effectively made the noise negligibly small. At lower frequencies we noted that the
measured capacitance tapers off while the computer simulations predict it to rise. This is
due to the fact that the simulations do not include interfacial effects at the sand/air inter-
face.
Other than this, measured trends agree with the simulations. A buried aluminum cylinder
always increases the capacitance and conductance, while a buried Teflon cylinder always
decreases the capacitance and conductance. This is very clear from the plots and results.
Measurement with and without landmine surrogates are tabluated in Appendix III. Ap-
pendix V shows computer simulated equipotential lines and electric field arrows for each
of the surrogate mine cases plus for ABS (acrylonitrile-butadiene-styrene), a plastic used
in many low metal content landmines.
In agreement with the computer simulations of Figure 3.1, Figure 4.1 capacitance meas-
urements show that aluminum has a significantly higher capacitance than just sand, while
Teflon has a significantly lower capacitance. This separation is especially clear at 10 Hz,
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and thus will be the base frequency for lateral sweeps. This can be seen from the various
measured frequency and position sweeps shown in Figures 4.3- 4.8.
The conductance measurements in Figure 4.2 follow simulations more closely than the
capacitance curves. We see again that aluminum has the highest conductance while hol-
low Teflon has the least as predicted by theory. The conductance also increases as fre-
quency increases as predicted by theory. Again measurements also reflect that
conductance does not allow the different materials to be as easily distinguishable as by
capacitance. For example, in measurement as well as simulation, the buried aluminum
cylinder conductance spectrum is very similar to that of sand only.
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Figure 4.1: Measurement Results of Capacitance with Different Buried Surrogate
Mines; s=10 cm, Electrodes placed 1 cm above Sandbed, Surrogates buried right
beneath Surface between Electrodes (FV)
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Figure 4.2: Measurement Results of Conductance with Different Buried Surro-
gate Mines; s=10 cm, Electrodes placed 1 cm above Sandbed, Surrogates buried
right beneath Surface between Electrodes (FV)
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Figure 4.3: Plot of Measured Capacitance of Metal Mine
versus Frequency and Position w/ Mine buried at Surface (SC)
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Figure 4.4: Plot of Measured Capacitance of Teflon Mine
versus Frequency and Position w/ Mine buried at Surface (SC)
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Figure 4.5: Plot of Measured Capacitance of Teflon Shell Mine
versus Frequency and Position w/ Mine buried at Surface (SC)
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Figure 4.6: Plot of Measured Conductance of Metal Mine
versus Frequency and Position w/ Mine buried at Surface (SC)
Plot of Conductance of Metal Mine versus Frequency and Position
x 10 -
6-
4
a) 20
-,
-o
0
UO-2
1 2Position (
Frequency (10)
EL
a)
C)f
aL
20
cm)
24
Figure 4.7: Plot of Measured Conductance of Teflon Mine
versus Frequency and Position w/ Mine buried at Surface (SC)
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Figure 4.8: Plot of Measured Conductance of Teflon Shell Mine
versus Frequency and Position w/ Mine buried at Surface
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From these computer simulations and measurements, a good design for detecting changes
in materials is to have the electrodes spaced 10 cm apart, have the driving voltage at
100V peak at a frequency of 10 Hz, and to measure capacitance as one sweeps along in
space.
Capacitance was chosen to be the primary method of detection over conductance because
the plots of conductance versus position and frequency show that one has to approach a
kHz before the mines become clearly detectable. However, the variation of conductance
measurements over time and over different sandbed positions is not stable, as the sensor
ire 4.9: Measurement of Conductance Over 22.5 Hours at 1kHz (
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signal drifts. This drift can result in a false alarm, indicating the presence of a landmine
when one is not there. Figure 4.9 shows the conductance variations at 1 kHz over time of
a configuration with the sensor positioned over sand at position x=0. The measurements
were taken with intervals of approximately T=2 hours and 23 minutes which is the time
for the stepper motor to move the sensor from x=-15 cm to x=15 cm in 1 cm steps (31
steps) doing a frequency sweep measurement at each position from 104 Hz down to 101
Hz (51 frequencies). The variations are large. The maximum (4.5x10-10 S) measured
conductance is 66% more than the minimum measured conductance (2.7x10' 0 S). Com-
pare this with Figure 4.10, which plots the measured capacitance over the same period of
time at 10 Hz. The maximum measured capacitance (1.75 pF) is only 10 percent more
than the minimum measured capacitance (1.59 pF). Also included are the plots of ca-
pacitance and conductance of the sandbed (Figure 4.11) as a function of detector lateral
Figure 4.10: Measurement of Capacitance Over 22.5 Hours at 10 Hz (SC)
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position using the two proposed detection techniques. The measurement was done over a
period of about 10 minutes, short enough so that the ambient temperature and humidity
stays relatively constant. It is again clear that the capacitance measurement technique at
10 Hz is more precise than the conductance measurement technique at 1 kHz. This is
mostly likely due to ambient changes in temperature and humidity that would signifi-
cantly change the sand conductivity but less significantly change the sand permittivity.
The maximum capacitance measured is within 3 percent of the minimum capacitance
measured; on the other hand, the maximum conductance measured is approximately 8.5
percent more than the minimum conductance measured as one varies sensor position
across the sand surface.
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Figure 4.11: Capacitance and Conductance Measurements over Sand
without Landmines at Varying Positions (SC)
4.2 Sensitivity to Mine Depth
Measurements of metal and Teflon model landmines were also done with the mines bur-
ied 2 cm, 4 cm, and 6 cm beneath the surface of the sand. Figures 4.12-4.14 show plots
of capacitance and conductance plotted against frequency and position for landmines of
different materials buried 2 cm deep. From these figures, it is clear that the landmines are
still detectable and distinguishable. Also note that looking at the conductance plot of
metal in Figure 4.12, one finds that the metal landmine is no longer distinguishable from
sand alone using that measurement. This is yet another reason why capacitance rather
than conductance measurements are taken.
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From the Figures 4.15-4.17, we see that as the landmine is buried more deeply, the ca-
pacitance sensitivity of the sensor setup to the landmines decreases quickly. At 6 cm, the
capacitance landmine signature becomes very small. Conductance plots at f=1 kHz are
also shown in Figures 4.18-4.20. These plots show that conductance landmine signatures
can really only be seen if the landmine surrogates are buried at the surface.
Note also that the capacitance values of sand alone at 10 Hz without a landmine can be
seen at the edges of the position range of ±15 cm in Figure 4.15-4.17. However, note that
this level shifts slightly for each of the surrogate landmine measurements. This shows
the high sensitivity of the sand permittivity and conductivity to changes in ambient tem-
perature and humidity.
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Figure 4.12: Measured Capacitance and Conductance of Model Metal
Landmine Buried 2 cm Deep (SC)
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Figure 4.13: Measured Capacitance and Conductance of Model Teflon
Landmine Buried 2 cm Deep (SC)
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Figure 4.14: Measured Capacitance and Conductance of Model Teflon Shell
Landmine Buried 2 cm Deep (SC)
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Figure 4.15: Horizontal Sweeps of Metal Surrogate Landmine buried
at Different Depths at f=10 Hz (Capacitance, SC)
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Figure 4.16: Horizontal Sweeps of Teflon Surrogate Landmine buried
at Different Depths at f=1O Hz (Capacitance, SC)
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Figure 4.17: Horizontal Sweeps of Teflon Shell Surrogate Landmine
Buried at Different Depths at f=1O Hz (Capacitance, SC)
36
Figure 4.18: Horizontal Sweeps of Metal Surrogate Landmine
Buried at Different Depths at f=1 kHz (Conductance, SC)
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Figure 4.19: Horizontal Sweeps of Teflon Surrogate Landmine
Buried at Different Depths at f=1 kHz (Conductance, SC)
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Figure 4.20: Horizontal Sweeps of Teflon Shell Surrogate Landmine
Buried at Different Depths at f=1 kHz (Conductance, SC)
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Chapter 5 Comparison of Measurements to Computer Simulations
One large problem that was encountered in the research was attempting to match the sand
without landmine simulation results with the measurement results. The most noticeable
difference is the difference in the capacitance measurements at lower frequencies. In the
measurements, there is a clear drop off in capacitance at lower frequencies as shown in
Figure 4.1, while simulation results of Figure 3.1 show an increase. This following sec-
tion outlines the steps taken to validate the correctness of the measurements, in order to
isolate the problem to an incomplete physical model of sand/air interfacial properties.
5.1 Burying the Sensor in Sand
The most conclusive approach to verifying the correctness of the measurements is the
Figure 5.1: Plot of Measured Capacitance with Sensor in Different Configurations (SC)
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comparison of the variety of tests done with the entire sensor completely buried in the
sand, with the electrodes buried by 2 cm below the surface, with the sensor touching the
sand surface, and with the sensor in air a centimeter off the sandbed. Simulations were
also done in these configurations using the permittivity and conductivity of Figure 2.5.
Figure 5.2 shows the simulated capacitance compared to the measured capacitance for a
completely buried sensor.
As can be seen in Figure 5.1, only when the sensor is removed off of the sandbed (no
contact) does the capacitance measurements show the property of decreasing at lower
frequencies. The simulations in Figure 3.1, on the other hand, show that capacitance will
Figure 5.2: Comparison of Measured Capacitance of Buried Sensor versus
the Predicted Simulated Capacitance
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continue to increase as you decrease the frequency for all tested configurations. This
suggests that the simulations do not completely describe the physical properties of the
sand/air interface. As a check, it was confirmed that the controller box is capable of
measuring larger capacitances at lower frequencies and that saturation of gain measure-
ments at lower frequency is not a problem at these levels of capacitance.
The measured capacitance of the sensor when it is partially buried is greater than the
measured capacitance when the sensor is completely buried because when the sensor is
completely buried, the electrodes end up close to the bottom of the test sandbed, and thus
the sensor field extends through the sandbed, surrounding wooden structure, and the con-
crete floor.
5.2 Extending Simulations Down to Lower Frequencies Using Fixed
Values of Permittivity and Conductivity of Sand
One of the uncertain issues was whether or not the simulations of the sensor suspended
above the sandbed would exhibit a decreasing capacitance at lower frequencies than 0.1
Hz. In order to see if this would be true, simulations were performed down to 0.01 Hz
using the permittivity and conductivity of sand measured at 0.1 Hz. The result is shown
in Figure 5.3. We see that the calculated capacitance still does not decrease as the meas-
urements indicate. Instead, it actually rises slightly as frequency is decreased. Again,
this points to the observation that the simulations have an incomplete accounting of inter-
facial effects at the sand/air boundary.
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Figure 5.3: Extended Lower Frequency Simulation Results of Sensor
Placed over Sandbed
5.3 Accounting for Air Gaps Near Electrodes
An initial suspicion as to why measurements might be different than simulations was the
possibility that when using parallel plate electrode measurements of the properties of
sand described in Section 2.3.2, unaccounted for air gaps near the parallel plate electrode
surfaces as the plates pressed down on the sand gave misleading dielectric property val-
ues for the sand, leading to faulty simulation results. From Section 5.2, we realize that
the sand eventually has to exhibit a declining permittivity at lower frequencies in order
for simulations to match measurements. To test this hypothesis, parallel plate measure-
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ments with known fixed air gap of 3 mm on each side of the sand were constructed using
the apparatus shown in Figure 5.4. The sensor electrode were guarded and had an area of
7 cm x 7 cm = 49 cm 2. The sand was held in a fairly rigid, thin 11 cm x 12.5 cm plastic
sleeve that is 13 mm thick. In order for the permittivity of the measured sand to decrease
at lower frequency, one had to observe a decreasing capacitance at lower frequencies as
well. This is clearly not the case from the measurement shown in Figure 5.5. This again
leads us to believe that interfacial effects at the sand/air boundary cause the differences
between measurements and computer simulations, and that unaccounted for air gaps are
not the cause of the discrepancy.
Figure 5.4: Diagram of Parallel Plate Electrodes with Fixed Air Gap
Sand 3mm Air Gaps
Guard Electrode
13 mrr 12.5 cm
Sense Electrode
Drive lectrode
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Figure 5.5: Parallel Plate Sand Measurements with a Fixed Air Gap
of 3 mm on each Side
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Chapter 6 Conclusion
From our measured data and computer simulations, we can conclude that dielectrometry
can work as a viable method for landmine detection. Through this research, an optimal
setup for detecting and distinguishing landmines of different materials has been deter-
mined.
The not yet fully explainable physical interfacial effect at the sand/air boundary that
made computer simulations different from actual measurements at low frequency should
be further investigated.
Further investigations on effects such as uneven terrain and different mine shapes and
materials should also be done to fully analyze whether this method is really practical in
real world applications. A comparison between the dielectrometry method and other
methods for landmine detection and determination should be performed in the near fu-
ture.
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Appendix I: Sand Characterization Measurements using
Parallel Plate Electrodes
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Frequency (1OAn)
4.0
3.9
3.8
3.7
3.6
3.5
3.4
3.3
3.2
3.1
3.0
2.9
2.8
2.7
2.6
2.5
2.4
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
Epsilon-Sand
2.453E-1 1
2.509E-11
2.603E-11
2.603E-1 1
2.627E-11
2.667E-11
2.560E-1 1
2.570E-11
2.592E-1 1
2.61 OE-1 1
2.624E-1 1
2.641 E-1 1
2.662E-1 1
2.687E-1 1
2.720E-1 1
2.748E-1 1
2.776E-1 1
2.827E-1 1
2.872E-1 1
2.936E-1 1
2.977E-11
3.035E-1 1
3.114E-11
3.197E-1 1
3.271E-11
3.408E-11
3.509E-1 1
3.624E-1 1
3.844E-11
3.984E-1 1
4.114E-1 1
4.286E-1 1
4.460E-1 1
4.627E-1 1
4.802E-11
5.008E-1 1
5.192E-1 1
5.356E-1 1
6.062E-1 1
6.411 E-1 1
6.611E-11
7.083E-1 1
7.456E-11
7.864E-11
7.869E-1 1
8.908E-1 1
9.562E-1 1
1.071E-10
1.207E-10
1.327E-1 0
1.523E-10
Sigma-Sand
5.203E-08
-8.030E-08
-5.063E-08
-1.396E-08
-2.792E-08
-1.130E-08
1.589E-08
1.51 OE-08
1.321 E-08
1.1 55E-08
1.006E-08
9.457E-09
8.183E-09
7.220E-09
6.637E-09
5.774E-09
5.176E-09
4.834E-09
4.126E-09
3.744E-09
3.260E-09
3.018E-09
2.752E-09
2.240E-09
2.11OE-09
1.847E-09
1.603E-09
1.444E-09
1.249E-09
1 .128E-09
9.979E-1 0
8.896E-10
7.861 E-1 0
6.993E-1 0
6.177E-10
5.529E-1 0
4.955E-10
4.444E-1 0
4.042E-1 0
3.718E-1 0
3.440E-1 0
3.212E-10
3.025E-1 0
2.870E-10
2.722E-10
2.617E-1 0
2.509E-1 0
2.427E-1 0
2.356E-1 0
2.270E-1 0
2.126E-1 0
Epsilon-Air(Measured)
8.989E-1 2
8.788E-1 2
8.831 E-1 2
8.601 E-1 2
8.887E-1 2
8.865E-1 2
8.833E-1 2
8.833E-1 2
8.844E-1 2
8.833E-1 2
8.822E-1 2
8.844E-1 2
8.833E-1 2
8.833E-1 2
8.833E-1 2
8.822E-12
8.844E-1 2
8.844E-1 2
8.878E-12
8.856E-1 2
8.878E-1 2
8.863E-1 2
8.626E-1 2
9.020E-1 2
8.909E-1 2
8.878E-12
8.800E-1 2
8.822E-12
8.922E- 12
8.854E-1 2
8.911 E-1 2
8.888E-12
8.933E-1 2
8.945E-12
8.956E-1 2
8.978E-1 2
9.035E- 12
9.057E-1 2
8.844E- 12
8.789E-1 2
8.833E- 12
8.778E-1 2
8.789E-1 2
8.800E-1 2
8.789E-1 2
8.669E-1 2
8.844E-1 2
8.889E-1 2
8.844E-1 2
8.745E-1 2
8.767E-1 2
Rel. Epsilon of Sand
2.770
2.834
2.940
2.940
2.967
3.013
2.891
2.903
2.927
2.947
2.963
2.983
3.007
3.035
3.072
3.104
3.135
3.192
3.243
3.316
3.363
3.427
3.517
3.610
3.695
3.849
3.963
4.093
4.342
4.500
4.646
4.841
5.038
5.226
5.423
5.657
5.864
6.049
6.847
7.241
7.466
7.999
8.421
8.882
8.887
10.061
10.800
12.098
13.637
14.990
17.200
Appendix II: Tabulated Simulation Results of Detector Capacitance (F)
and Conductance (S) for Plots in Figures 3.1 and 3.2
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Simulation Results w/ Mines in Center and at Surface
No Mine-Sand Only
Log Freq.
4.0
3.9
3.8
3.7
3.6
3.5
3.4
3.3
3.2
3.1
3.0
2.9
2.8
2.7
2.6
2.5
2.4
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
G
3.3360E-09
-5.0800E-09
-3.1400E-09
-8.6400E-1 0
-1.7240E-09
-6.9200E-1 0
9.9600E-1 0
9.4400E-10
8.2000E-1 0
7.1600E-1 0
6.2000E-10
5.8000E-1 0
5.OOOOE-1 0
4.4000E-10
4.OOOOE-10
3.4640E-1 0
3.0880E-1 0
2.8480E-10
2.4080E-10
2.1520E-1 0
1.8560E-1 0
1.6960E-10
1.5200E-10
1.2160E-10
1.1240E-10
9.5600E-11
8.0800E-1 1
7.1200E-1 1
5.8400E-1i1
5.1200E-1 1
4.4000E-11
3.7680E-11
3.2000E-1i1
2.7360E-11
2.3200E-11
1.9720E-11
1.6880E-11
1.4400E-1 1
1.1400E-11
9.6400E-12
8.2800E-1 2
6.8400E-12
5.7200E-1 2
4.6800E-1 2
3.9120E-1 2
2.9320E-1 2
2.2320E-1 2
1.6240E-12
1.1560E-12
8.2400E-1 3
5.7600E-13
C
2.2480E-12
2.2880E-1 2
2.3440E-12
2.3440E-12
2.3600E-12
2.3840E-12
2.3160E-1 2
2.3240E-1 2
2.3360E-1 2
2.3480E-1 2
2.3560E-12
2.3680E-12
2.3840E-12
2.4000E-1 2
2.4200E-12
2.4360E-1 2
2.4560E-12
2.4880E-12
2.5160E-1 2
2.5560E-1 2
2.5800E-12
2.6200E-1 2
2.6720E-1 2
2.7160E-1 2
2.7680E-12
2.8480E-12
2.9040E-1 2
2.9760E-1 2
3.0880E-1 2
3.1720E-12
3.2480E-12
3.3480E-1 2
3.4440E-12
3.5400E-12
3.6400E-1 2
3.7600E-1 2
3.8800E-12
4.OOOOE-12
4.2800E-12
4.4400E-12
4.6000E-12
4.8400E-12
5.0800E-1 2
5.3600E-12
5.6000E-12
5.9200E-12
6.2000E-1 2
6.4400E-12
6.6400E-1 2
6.8400E-12
6.9600E-1 2
Aluminum
G
3.5932E-09
-5.4534E-09
-3.3454E-09
-9.2290E-1 0
-1.8326E-09
-7.3286E-10
1.0633E-09
1.0073E-09
8.7548E-10
7.6179E-1 0
6.6080E-10
6.1792E-10
5.3128E-1 0
4.6532E-10
4.2365E-10
3.6548E-10
3.2495E-10
2.9891 E-1 0
2.5185E-10
2.2423E-10
1.9291E-10
1.7553E-1 0
1.5629E-10
1.2440E-10
1.1452E-10
9.6449E-1 1
8.1325E-1 1
7.0900E-1 1
5.7836E-1 1
5.0188E-1 1
4.2785E-11
3.6350E-1 1
3.0602E-1 1
2.5945E-1 1
2.1794E-1 1
1.8368E-1 1
1.5537E-1 1
1.3154E-1 1
1.0205E-1 1
8.4875E-1 2
7.2031 E-1 2
5.8540E-1 2
4.7924E-1 2
3.8592E-1 2
3.1682E-1 2
2.3291 E-1 2
1.7437E-1 2
1.2486E-1 2
8.7759E-1 3
6.1759E-1 3
4.2893E-1 3
Mine
C
2.8098E-1 2
2.8492E-1 2
2.9103E-1 2
2.9087E-12
2.9251E-12
2.9502E-12
2.8814E-1 2
2.8885E-1 2
2.9029E-1 2
2.9148E-1 2
2.9244E-1 2
2.9362E-1 2
2.9505E-1 2
2.9674E-1 2
2.9890E-1 2
3.0082E-12
3.0273E-1 2
3.0613E-1 2
3.0907E-12
3.1328E-1 2
3.1600E-1 2
3.1993E-12
3.2536E-1 2
3.2996E-1 2
3.3520E-12
3.4342E-1 2
3.4936E-1 2
3.5636E-12
3.6775E-12
3.7609E-1 2
3.8372E-1 2
3.9329E-1 2
4.0274E-1 2
4.1226E-1 2
4.2197E-1 2
4.3340E-1 2
4.4462E-12
4.5597E-1 2
4.7920E-1 2
4.9565E-1 2
5.1112E-12
5.3138E-1 2
5.5182E-12
5.7361 E-1 2
5.9476E-1 2
6.1795E-1 2
6.3838E-1 2
6.5677E-1 2
6.7244E-1 2
6.8516E-1 2
6.9325E-1 2
9.2588E-1 1
8.5734E-1i1
7.2919E-1 1
6.1938E-1 1
5.4476E-1 1
4.5130E-1 1
3.9603E-1 1
3.4120E-1 1
2.9390E-11
2.5093E-1 1
2.1583E-1 1
1.8408E-1 1
1.5803E-11
1.3617E-1 1
1.1750E-1 1
9.5432E-12
8.1954E-1 2
7.1686E-1 2
6.0886E-1 2
5.2213E-1 2
4.4350E-1 2
3.8398E-1 2
3.0325E-1 2
2.4276E-12
1.8622E-1 2
1.3966E-1 2
1.0405E-1 2
7.5319E-13
2.4894E-1 2
2.5269E-12
2.5875E-12
2.6315E-1 2
2.6832E-12
2.7705E-1 2
2.8326E-12
2.8898E-1 2
2.9626E-12
3.0354E-1 2
3.1083E-1 2
3.1836E-1 2
3.2733E-1 2
3.3608E-12
3.4491 E-1 2
3.6611 E-1 2
3.8041 E-1 2
3.9347E-1 2
4.1260E-1 2
4.3232E-1 2
4.5482E-1 2
4.7662E-1 2
5.0753E-1 2
5.3603E-1 2
5.6578E-12
5.9394E-1 2
6.1849E-1 2
6.3649E-1 2
Solid Teflon Mine
G C
2.6952E-09 2.2046E-12
-4.1051 E-09 2.2338E-12
-2.5335E-09 2.2798E-12
-6.9884E-10 2.2788E-12
-1.3899E-09 2.2911 E-1 2
-5.5726E-10 2.3102E-12
8.0297E-10 2.2582E-12
7.6118E-1 0 2.2635E-1 2
6.6250E-1 0 2.2743E-12
5.7714E-10 2.2832E-12
5.011 OE-1 0 2.2904E-1 2
4.6912E-1 0 2.2991 E-1 2
4.0392E-10 2.3099E-12
3.5436E-10 2.3225E-12
3.0517E-10 2.2648E-12
2.6375E-1 0 2.2785E-1 2
2.3494E-10 2.2922E-12
2.1685E-10 2.3167E-12
1.8325E-1 0 2.3379E-1 2
1.6387E-10 2.3683E-1 2
1.4139E-1 0 2.3880E-1 2
1.2918E-1 0 2.4161 E-1 2
1.1569E-10 2.4550E-12
Simulation Results w/ Mines in Center and at Surface
No Mine-Sand Only
Log Freq.
4.0
3.9
3.8
3.7
3.6
3.5
3.4
3.3
3.2
3.1
3.0
2.9
2.8
2.7
2.6
2.5
2.4
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
G
3.3360E-09
-5.0800E-09
-3.1400E-09
-8.6400E-1 0
-1.7240E-09
-6.9200E-1 0
9.9600E-10
9.4400E-1 0
8.2000E-10
7.1600E-1 0
6.2000E-1 0
5.8000E-10
5.OOOOE-10
4.4000E-1 0
4.OOOOE-10
3.4640E-1 0
3.0880E-1 0
2.8480E-1 0
2.4080E-1 0
2.1520E-1 0
1.8560E-10
1.6960E-1 0
1.5200E-1 0
1.2160E-10
1.1240E-10
9.5600E-1 1
8.0800E-11
7.1200E-1 1
5.8400E-1 1
5.1200E-1 1
4.4000E-11
3.7680E-11
3.2000E-11
2.7360E-1 1
2.3200E-11
1.9720E-11
1.6880E-1 1
1.4400E-11
1.1400E-1 1
9.6400E-1 2
8.2800E-1 2
6.8400E-12
5.7200E-1 2
4.6800E-1 2
3.9120E-1 2
2.9320E-12
2.2320E-1 2
1.6240E-12
1.1560E-12
8.2400E-1 3
5.7600E-1 3
Air Pocket
C
2.2480E-1 2
2.2880E-1 2
2.3440E-1 2
2.3440E-12
2.3600E-12
2.3840E-12
2.3160E-1 2
2.3240E-1 2
2.3360E-12
2.3480E-12
2.3560E-1 2
2.3680E-1 2
2.3840E-12
2.4000E-1 2
2.4200E-12
2.4360E-12
2.4560E-1 2
2.4880E-1 2
2.5160E-1 2
2.5560E-1 2
2.5800E-1 2
2.6200E-12
2.6720E-12
2.7160E-1 2
2.7680E-12
2.8480E-12
2.9040E-12
2.9760E-1 2
3.0880E-1 2
3.1720E-12
3.2480E-1 2
3.3480E-1 2
3.4440E-12
3.5400E-12
3.6400E-12
3.7600E-1 2
3.8800E-12
4.OOOOE-1 2
4.2800E-12
4.4400E-1 2
4.6000E-1 2
4.8400E-12
5.0800E-1 2
5.3600E-12
5.6000E-12
5.9200E-1 2
6.2000E-1 2
6.4400E-1 2
6.6400E-12
6.8400E-1 2
6.9600E-1 2
G
2.5426E-09
-3.8822E-09
-2.4048E-09
-6.6327E-10
-1.3205E-09
-5.3020E-1 0
7.6086E-1 0
7.2156E-1 0
6.2857E-1 0
5.4798E-1 0
4.7605E-1 0
4.4598E-1 0
3.8432E-1 0
3.3750E-10
3.0834E-1 0
2.6681 E-10
2.3794E-1 0
2.2008E-1 0
1.8631E-10
1.6702E-10
1.4433E-10
1.3217E-10
1.1874E-10
9.5265E-11
8.8466E-1 1
7.5566E-11
6.4380E-11
5.6819E-1 1
4.7322E-1 1
4.1682E-1 1
3.6030E-1 1
3.1158E-11
2.6702E-1 1
2.3048E-1 1
1.9726E-1 1
1.6999E-1 1
1.4699E-11
1.2727E-1 1
1.0395E-11
8.9587E-1 2
7.8607E-12
6.6975E-1 2
5.7577E-12
4.8989E-1 2
4.2459E-12
3.3481 E-1 2
2.6733E-1 2
2.0414E-1 2
1.5223E-12
1.1273E-12
8.1159E-13
C
1.9489E-1 2
1.9764E-12
2.0203E-1 2
2.0195E-12
2.0312E-1 2
2.0495E-1 2
1.9998E-1 2
2.0048E-1 2
2.0150E-1 2
2.0235E-1 2
2.0303E-12
2.0386E-1 2
2.0487E-1 2
2.0607E-1 2
2.0761 E-1 2
2.0897E-1 2
2.1031E-12
2.1273E-12
2.1484E-1 2
2.1785E-1 2
2.1980E-12
2.2258E-12
2.2643E-12
2.2993E-12
2.3364E-1 2
2.3974E-1 2
2.4420E-12
2.4943E-1 2
2.5839E-1 2
2.6471 E-1 2
2.7054E-12
2.7803E-1 2
2.8555E-1 2
2.9308E-12
3.0091 E-1 2
3.1027E-12
3.1942E-12
3.2867E-1 2
3.5150E-12
3.6680E-1 2
3.8078E-12
4.0153E-1 2
4.2300E-1 2
4.4764E-12
4.7159E-12
5.0561 E-1 2
5.3688E-12
5.6927E-1 2
5.9960E-12
6.2578E-12
6.4465E-1 2
Hollow Teflon
G C
2.4879E-09 1.9903E-12
-3.7956E-09 2.0111E-12
-2.3501 E-09 2.0553E-1 2
-6.4821 E-1 0 2.0544E-1 2
-1.2912E-09 2.0732E-1 2
-5.1826E-10 2.0914E-12
7.4432E-10 2.0356E-12
7.0581 E-1 0 2.0406E-1 2
6.1434E-10 2.0500E-12
5.3588E-10 2.0656E-12
4.6549E-10 2.0724E-12
4.3601 E-1 0 2.0806E-1 2
3.7566E-10 2.0908E-12
3.2983E-10 2.1027E-12
3.0122E-10 2.1130E-12
2.6061 E-10 2.1268E-12
2.3236E-1 0 2.1401 E-1 2
2.1484E-10 2.1689E-12
1.8181E-10 2.1902E-12
1.6299E-1 0 2.2209E-1 2
1.4082E-1 0 2.2405E-1 2
1.2972E-1 0 2.2649E-1 2
1.1641E-10 2.3051E-12
9.2597E-1 1 2.3376E-1 2
8.6205E-1 1 2.3703E-1 2
7.3712E-1 1 2.4398E-1 2
6.2764E-1 1 2.4841 E-1 2
5.5388E-1 1 2.5369E-12
4.6050E-1 1 2.6259E-1 2
4.0538E-1 1 2.6891 E-1 2
3.5019E-1 1 2.7471 E-1 2
3.0135E-1 1 2.8145E-1 2
2.5805E-1 1 2.8889E-1 2
2.2323E-1 1 2.9605E-12
1.9092E-1 1 3.0383E-12
1.6441 E-1 1 3.1308E-1 2
1.4185E-1 1 3.2266E-1 2
1.2276E-1 1 3.3189E-1 2
1.0021 E-1 1 3.5417E-12
8.6320E-12 3.6937E-12
7.5677E-12 3.8317E-12
6.4132E-12 4.0445E-12
5.5094E-1 2 4.2520E-1 2
4.6839E-12 4.4920E-12
4.0555E-12 4.7400E-12
3.1970E-12 5.0712E-12
2.5527E-12 5.3760E-12
1.9499E-1 2 5.6933E-1 2
1.4555E-1 2 5.9986E-1 2
1.0785E-12 6.2583E-1 2
7.7691 E-1 3 6.4337E-1 2
Appendix III: Tabulated Measurement Results of Detector Capacitance
(F) and Conductance (S) for Plots in Figures 4.1 and 4.2
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Measurements with Mines in Middle and at Surface (Floating Voltage)
No Mine-Sand Only
Log Freq.
4.0
3.9
3.8
3.7
3.6
3.5
3.4
3.3
3.2
3.1
3.0
2.9
2.8
2.7
2.6
2.5
2.4
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
G
4.782E-10
7.064E-1 0
1.115E-09
1.237E-09
1.112E-09
9.959E-1 0
6.928E-1 0
6.456E-1 0
6.028E-1 0
5.541 E-1 0
5.060E-1 0
4.469E-1 0
3.763E-1 0
3.202E-1 0
2.753E-1 0
2.229E-1 0
1.834E-1 0
1.515E-1 0
1.190E-10
9.263E-1 1
7.252E-1 1
5.899E-1 1
4.009E-1 1
3.275E-1 1
2.107E-1 1
1.357E-11
8.026E-1 2
4.227E-1 2
1.026E-12
-1.098E-12
-2.637E-1 2
-3.862E-1 2
-4.519E-1 2
-5.264E-1 2
-5.718E-1 2
-5.905E-12
-5.975E-1 2
-5.816E-1 2
-5.438E-1 2
-4.893E-1 2
-4.186E-1 2
-3.442E-1 2
-2.716E-1 2
-2.069E-1 2
-1.530E-1 2
-1.100E-12
-7.760E-1 3
-5.366E-1 3
-3.706E-1 3
-2.524E-1 3
-1.688E-1 3
Aluminum
C
1.118E-12
1.145E-12
1.149E-12
1.160E-12
1.154E-12
1.159E-12
1.171E-12
1.178E-12
1.186E-12
1.196E-12
1.205E-12
1.220E-1 2
1.239E-1 2
1.253E-1 2
1.270E-1 2
1.290E-1 2
1.309E-1 2
1.330E-12
1.353E-1 2
1.370E-1 2
1.394E-1 2
1.426E-1 2
1.404E-12
1.464E-12
1.469E-1 2
1.492E-1 2
1.506E-12
1.520E-1 2
1.526E-1 2
1.541E-12
1.542E-1 2
1.548E-12
1.554E-12
1.550E-12
1.538E-1 2
1.506E-12
1.471E-12
1.405E-1 2
1.313E-12
1.199E-12
1.063E-1 2
9.180E-1 3
7.679E-1 3
6.315E-1 3
5.071E-13
4.085E-1 3
3.180E-1 3
2.497E-1 3
1.735E-13
1.574E-13
1.203E-13
G
-1.744E-11
6.703E- 10
7.894E-1 0
6.209E-1 0
9.793E-1 0
9.101E-10
6.685E-10
6.605E-1 0
6.041 E-1 0
5.743E-1 0
5.229E-1 0
4.605E-1 0
3.913E-1 0
3.318E-1 0
2.762E-1 0
2.199E-1 0
1.760E-10
1.428E-10
1.103E-10
8.188E-1 1
6.300E-1 1
4.199E-1 1
5.083E-1 1
1.624E-1 1
1.386E-11
5.132E-1 2
5.570E-1 3
-2.799E-1 2
-4.585E-1 2
-6.370E-12
-7.842E-1 2
-8.128E-1 2
-8.745E-1 2
-9.209E-1 2
-9.112E-12
-8.821 E-1 2
-8.61 OE-12
-8.084E-1 2
-7.184E-1 2
-6.159E-1 2
-5.071 E-1 2
-4.052E-1 2
-3.104E-1 2
-2.321E-12
-1.681E-12
-1.193E-12
-8.322E-1 3
-5.719E-1 3
-3.889E-1 3
-2.642E-1 3
-1.780E-13
Teflon
C
1.483E-12
1.501E-12
1.51OE-12
1.507E-1 2
1.525E-1 2
1.525E-1 2
1.542E-1 2
1.549E-12
1.559E-1 2
1.568E-1 2
1.585E-1 2
1.596E-1 2
1.616E-1 2
1.632E-12
1.652E-12
1.672E-1 2
1.691 E-1 2
1.713E-12
1.737E-1 2
1.750E-1 2
1.773E-12
1.800E-1 2
1.800E-1 2
1.836E-12
1.852E-1 2
1.855E-1 2
1.862E-12
1.869E-1 2
1.873E-1 2
1.870E-1 2
1.869E-1 2
1.866E-1 2
1.846E-1 2
1.828E-1 2
1.804E-1 2
1.740E-12
1.680E-1 2
1.569E-1 2
1.447E-12
1.290E-1 2
1.125E-12
9.497E-1 3
7.891 E-1 3
6.378E-13
5.1 OOE-1 3
4.115E-13
3.200E-1 3
2.512E-1 3
2.298E-1 3
1.539E-1 3
1.250E-1 3
G
-6.203E-10
-4.772E-1 1
4.037E-1 0
2.196E-10
4.404E-1 0
4.123E-1 0
2.577E-10
2.826E-10
2.808E-1 0
2.595E-1 0
2.351 E-1 0
2.091E-10
1.814E-10
1.491 E-10
1.222E-10
9.479E-1 1
7.617E-1 1
5.879E-1 1
4.149E-1 1
3.140E-1 1
2.124E-1 1
2.203E-1 1
-3.983E-1 2
8.152E-1 2
-2.767E-1 3
-6.031 E-13
-2.971 E-1 2
-4.204E-1 2
-5.415E-1 2
-5.436E-1 2
-5.477E-1 2
-5.789E-1 2
-5.576E-1 2
-5.496E-1 2
-5.306E-1 2
-5.156E-1 2
-4.876E-1 2
-4.523E-1 2
-4.036E-1 2
-3.542E-1 2
-3.005E-1 2
-2.436E-1 2
-1.923E-1 2
-1.467E-1 2
-1.088E-12
-7.889E-1 3
-5.632E-1 3
-3.920E-1 3
-2.667E-13
-1.854E-1 3
-1.271 E-13
C
1.036E-1 2
1.027E-1 2
1.038E-1 2
1.031 E-12
1.040E-12
1.040E-12
1.052E-1 2
1.056E-1 2
1.059E-1 2
1.064E-1 2
1.072E-12
1.078E-12
1.087E-1 2
1.098E-12
1.104E-12
1.115E-12
1.125E-12
1.133E-12
1.140E-12
1.153E-12
1.160E-12
1.160E-12
1.194E-12
1.172E-12
1.182E-12
1.188E-12
1.191E-12
1.189E-12
1.182E-12
1.184E-12
1.179E-12
1.173E-12
1.169E-12
1.151E-12
1.130E-12
1.100E-12
1.062E-12
1.008E-12
9.377E-1 3
8.576E-1 3
7.636E-1 3
6.633E-1 3
5.656E-1 3
4.700E-1 3
3.845E-1 3
3.054E-1 3
2.489E-1 3
1.990E-1 3
1.851E-13
1.259E-1 3
1.029E-13
Hollow Teflon
G C
-1.420E-10 9.516E-1 3
3.957E-10 9.493E-13
4.953E-10 9.584E-13
4.714E-10 9.549E-13
5.101E-10 9.571E-13
4.551 E-1 0 9.605E-1 3
3.096E-10 9.711 E-1 3
3.074E-10 9.745E-13
2.832E-1 0 9.791 E-1 3
2.690E-10 9.849E-13
2.401 E-1 0 9.895E-1 3
2.187E-10 9.977E-13
1.870E-10 1.007E-1 2
1.591E-10 1.016E-12
1.350E-1 0 1.025E-1 2
1.049E-1 0 1.035E-1 2
8.583E-1 1 1.044E-1 2
6.917E-1 1 1.053E-1 2
5.438E-1 1 1.065E-1 2
4.073E-1 1 1.073E-1 2
2.991 E-1 1 1.083E-1 2
2.752E-1 1 1.100E-12
9.176E-12 1.078E-12
1.413E-11 1.115E-12
7.648E-12 1.115E-12
3.990E-12 1.126E-12
1.667E-12 1.130E-12
-2.652E-1 4 1.135E-12
-1.206E-12 1.134E-12
-2.481E-12 1.135E-12
-2.773E-12 1.140E-12
-3.349E-1 2 1.140E-12
-3.757E-12 1.145E-12
-3.829E-12 1.136E-12
-3.934E-12 1.128E-12
-4.097E-1 2 1.118E-12
-4.033E-1 2 1.088E-1 2
-3.949E-12 1.048E-1 2
-3.667E-12 9.874E-13
-3.338E-12 9.150E-13
-2.917E-1 2 8.231 E-1 3
-2.429E-1 2 7.233E-1 3
-1.958E-12 6.193E-13
-1.517E-12 5.170E-13
-1.140E-12 4.256E-1 3
-8.350E-13 3.423E-13
-5.950E-1 3 2.771 E-1 3
-4.182E-13 2.214E-13
-2.903E-1 3 1.630E-1 3
-1.999E-13 1.414E-1 3
-1.359E-13 1.132E-13
Appendix IV: Source Code for Automated Stepper
Motor Measurements
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#include "contr.h"
#include <stdio.h>
#include <dos.h>
#include <string.h>
#include <conio.h>
#include <time.h>
#define PATH "C:/Albert/data/"
//Code to move sensor across sandbed and take measurements at same time
void move(int distance, char direction){
//Moves sensor a distance of "distance" in cm in the direction speci-
fied.
int x,y,z;
int i,j;
clockt original;
outp(0x3E3,0x80);
if (direction=='r'){
i=0;
j=2;}
else {
i=2;
j=0;}
for(z=0; z<distance;z++)
for(y=0; y<2;y++){
for (x=O; x<39; x++){
outp(Ox3EO, i);
original=clock();
while ((clock(-original)< 20);
outp(Ox3EO, i+1);
}
for (x=O; x<39; x++){
outp(Ox3E1, j);
original=clock();
while ((clock()-original)< 20);
outp(Ox3El, j+1);
}
}
int main(void){
char response[100];
char fname[100];
char fname2[10];
float hiFreq, loFreq;
float freq[70], gain[70], phase[70];
int actualCount;
int d;
int i,j,k;
int increment,stops,repetitions;
struct time current-time;
FILE *fptr;
printf("Please enter in file for data to be stored in:");
scanf("%s",fname);
printf("\nPlease enter the high frequency:");
scanf("%f",&hiFreq);
printf("\nPlease enter the low frequency:");
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scanf("%f",&loFreq);
printf ("\nPlease enter the increment:");
scanf("%d",&increment); /*increment is either 1 or 2*/
printf("\nPlease enter the number of repetitions:");
scanf("%d",&repetitions);
stops=30/increment;
Copen(COM2, 9600);
CsendCmd(" [de,001001001]", response);
Csetup(hiFreq, loFreq, 'e', 'd', 'd');
CsendCmd("[gp]", response);
printf("%s\n", response);
for(k=0;k<repetitions;k++){
for (j=0;j<=stops;j++){
sprintf(fname2,"%s%s%d_%d%s",PATH, fname,k,j,".dat");
fptr=fopen(fname2,"w");
CsendCmd("[am]", response);
CsendCmd("[cm]", response);
CsendCmd("[tg]", response);
d=0;
while(d==0){
delay(1000);
Ccomplete(&d);
CreadData(l,freq,gain,phase,70,&actualCount);
gettime(&current-time);
fprintf(fptr,"%d:%d:%d\n",currenttime.ti_hour,currenttime.timi
n,currenttime.tisec);
for(i=0;i<actualCount;i++)
fprintf(fptr,"%f, %f, %f\n",
freq[i],gain[i],phase[i]);
fclose(fptr);
move(increment,'l');
}
move(increment+30,'r');
}
Cclose();
return 0;
}
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// File contr.cpp
// C plus plus routines to comminicate with controller box
// via serial port from DOS
#include <string.h>
#include "contr.h"
#include <dos.h>
#include <conio.h>
#include <stdio.h>
int SError = NOERROR;
int portbase = 0;
void interrupt(*oldvects[2])(...);
char *ccbuf;
unsigned int startbuf = 0;
unsigned int endbuf = 0;
int last-n = 0; // number of points read last time
serial *sp;
// opens the serial port
int Copen( int port, int baudrate
{
sp = new serial(port, baudrate, NOPARITY, 8, 1);
if (SError == CANTOPEN)
delete sp;
sp = NULL;
SError = NOERROR;
return (1);
}
return (0);
}
// closes the serial port
int Cclose()
{
if (sp == NULL)
return 1;
delete sp;
sp = NULL;
return 0;
//Controller setup
int Csetup( float hiFreq, float loFreq,
char chlEnable, char ch2Enable, char ch3Enable
{
char msg[MAX_CMD_LEN];
char response[SHORTRESP_LEN];
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sprintf( msg, "[GP,%g,%g,1.0,%c,%c,%c,D,D,D]",
hiFreq, loFreq, chlEnable, ch2Enable, ch3Enable
if ( CsendCmd( msg, response ) 0 ) return 2;
if ( strcmp( "[GP]\r\n", response ) 0 ) return 1;
return 0;
}
// Controller reset
int Creset()
{
char response[SHORTRESP_LEN];
last-n = 0;
if ( CsendCmd( "[MD]", response ) != 0 ) return 1;
if ( strcmp( "[MD]\r\n", response ) != 0 ) return 2;
if ( CsendCmd( "[AM]", response ) 0 ) return 3;
if ( strcmp( "[AM]\r\n", response )!= 0 ) return 4;
if ( CsendCmd( "[CM]", response ) 0 ) return 5;
if ( strcmp( "[CM]\r\n", response ) 0 ) return 6;
return 0;
}
// Send command to controller
int CsendCmd( char* cmd, char* response
{
int place = 0;
char c;
int timeout = 0;
response[0] = '\O';
if (sp == NULL)
return 1;
*sp << cmd;
if (SError != NOERROR)
SError = NOERROR;
return 2;
}
do {
delay ( 10 );
*sp >> c;
if (c != -1)
response[place++] = c & ASCII;
timeout = 0;
}
else
timeout++;
if (SError != NOERROR) {
SError = NOERROR;
return 3;
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}
}
while ( c '\n' && timeout < 500); // 5 sec.
response[place] = '\0'; // terminate string
return (timeout < 500 ? 0 : TIME_OUT);
}
// Initiate a measurement
int Ctrigger()
{
char response[SHORTRESP_LEN];
if ( CsendCmd( "[TG]", response ) 0 ) return 1;
if ( strcmp( "[TG]\r\n", response ) != 0 ) return 2;
return 0;
}
// Read data from the specified IDED communications channel into the
arrays
// passed as arguments 2-5. The value passed in "maxPoints" is the
size of
// the data arrays, the argument "actualCount" should return the number
of
// frequency points acquired during this read. If actualCount = max-
Points,
// some data may not have been read and another read with a higher max-
Points
// may be required. A new read will start with the first point, even if
it
// has already been read. Data is read only for the specified channel
chan.
int CreadData (int chan, float freq[], float gain[], float phase[],
int maxPoints, int* actualCount
{
char data[BUFF_SIZE];
int n = 0;
counter
char key[SHORT_RESPLEN];
int err;
if ( CsendCmd( "[GD]", data) 0 ) return 1;
if ( strncmp( "[GH", data, 3 ) 0 ) return 2;
sprintf( key, "[GD,%d", chan );
while (n < maxPoints) {
if (( err = CsendCmd( "", data )) 0 ) {
if (err == TIMEOUT) break;
else return 1;
}
if ( strncmp(" [GD]", data, 4) == 0
break;
if ( strncmp( key, data, 5 ) == 0 ) {
// points
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if (sscanf(data, "[GD,%*d,%f,%f,%f]", freq+n, gain+n,
phase+n) 3)
return 3;
n++;
}
}
*actualCount =n;
return err;
}
int CreadAll ( float freq[MAXNUMPTS], float gain[3] [MAXNUMPTS],
float phase[3] [MAXNUMPTS],
float offset[3][MAXNUMPTS], int* actu-
alCount
{
char data[BUFF_SIZE];
int n = 0; // points
counter
int err;
int chan, oldchan = 10;
if ( CsendCmd( "[GD]", data ) 0 ) return 1;
if ( strncmp( "[GH", data, 3 ) 0 ) return 2;
while (n <= MAXNUMPTS) {
if (( err = CsendCmd( "", data )) 0 ) {
if (err == TIMEOUT) break;
else return 1;
}
if ( strncmp("[GD]", data, 4) 0
break;
if ( strncmp( "[GD,", data, 4 ) == 0 ) {
if (sscanf(data, "[GD,%d", &chan) 1) return 3;
if (chan < 1 11 chan > 3) return 4;
if (chan <= old chan) n++;
oldchan = chan;
if (n <= lastn) continue;
if (sscanf(data, "[GD,%*d,%f,%f,%f,%f", &freq[n-1],
&gain[chan-1][n-1],
&phase[chan-1][n-
1], &offset[chan-1][n-1]) != 4)
return 3;
}
if (n > MAXNUMPTS) n = MAXNUMPTS;
*actualCount = n;
if ( n > last-n)
last_n = n;
err = NEWDATA;
return err;
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// Obtain controller status
int Cstatus( char* statString
{
if ( CsendCmd( "[CS]", statString ) 0 ) return 1;
if ( strncmp( "[CS", statString, 3 ) 0 ) return 2;
return 0;
}
// Checks to see whether measurement is complete
int Ccomplete( int* done
char response[MAXCMDLEN];
*done = 0;
if ( CsendCmd( "[CS]", response ) 0 ) return 1;
if ( strncmp( "[CS", response, 3 ) 0 ) return 2;
if ( response[12] == 'D' ) *done = 1;
return 0;
}
/* Handle communications interrupts and put them in ccbuf */
void interrupt comjint(...)
{
disable();
if ((inportb(portbase + IIR) & RXMASK) == RXID) // i.e. if
data received
{
if (((endbuf + 1) & SBUFSIZ - 1) == startbuf)
SError = BUFOVFL;
ccbuf[endbuf++] = inportb(portbase + RXR);
endbuf &= SBUFSIZ - 1;
}
/* Signal end of hardware interrupt */
outportb(ICR, EOI);
enable();
/* Output a character to the serial port */
serial& serial::operator<<( char x
{
long int timeout = 0x0000FFFFL;
//delay(100);
outportb(portbase + MCR, MCINT I DTR RTS);
/* Wait for transmitter to clear */
while ((inportb(portbase + LSR) & XMTRDY) == 0)
if (!(--timeout))
return *this;
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disable() ;
outportb(portbase + TXR, x);
enable();
return *this;
}
/* Output a string to the serial port */
serial& serial::operator<<( char *string
{
while (*string)
} (*this) << *string;
string++;
return *this;
/* This routine returns the current value in the buffer */
serial &serial: :operator>>( char &ch
if (endbuf == startbuf)
{
ch = -1;
return *this;
}
ch = ccbuf[startbuf];
startbuf++;
startbuf %= SBUFSIZ;
return *this;
}
/* Install our functions to handle communications */
void setvects(void)
{
oldvects[0]
oldvects[l] =
setvect(OxOB,
setvect(OxOC,
= getvect(OxOB);
getvect(OxOC);
comint);
comint);
/* Uninstall our vectors before exiting the program */
void resvects(void)
setvect(OxOB,
setvect(OxOC,
oldvects[0]);
oldvects[1]);
/* Turn on communications interrupts */
void ienable(int pnum)
{
int c;
disable();
c = inportb(portbase + MCR)
outportb(portbase + MCR, c);
I MCINT;
I
I
}
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outportb(portbase + IER, RX_INT);
c = inportb(IMR) & (pnum == COM1 ? IRQ4 IRQ3);
outportb(IMR, c);
enable();
/* Turn off communications interrupts */
void idisable(void)
{
int C;
disable();
c = inportb(IMR) -IRQ3 I -IRQ4;
outportb(IMR, c);
outportb(portbase + IER, 0);
c = inportb(portbase + MCR) & -MC_INT;
outportb(portbase + MCR, c);
enable();
}
/* Tell modem that we're ready to go */
void common(void)
{
int c, pnum;
pnum = (portbase == COM1BASE ? COMl : COM2);
i_enable(pnum);
c = inportb(portbase + MCR) DTR RTS;
outportb(portbase + MCR, c);
}
/* Go off-line */
void serial::comm-off(void)
{
i_disable();
outportb(portbase + MCR, 0);
void serial::init serial(void)
{
endbuf = startbuf 0;
setvects();
comm-on();
serial::-serial()
{
delete[] ccbuf;
comm-off();
resvects();
/* Set the port number to use */
int serial::SetPort(int Port)
i
mnt Offset, far *RS232_Addr;
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switch (Port)
{ /* Sort out the base address */
case COMI : Offset = OxOOOO;
break;
case COM2 : Offset = 0x0002;
break;
default : return (-1);
}
RS232_Addr = (int far *)MKFP(0x0040, Offset); /* Find out where
the port is. */
if (*RS232_Addr == NULL) return (-l);/* If NULL then port not
used. */
portbase = *RS232_Addr; /* Otherwise set portbase
*/
return (0);
}
/* This routine sets the speed; will accept funny baud rates. */
/* Setting the speed requires that the DLAB be set on.
int serial::SetSpeed(int Speed)
{
char c;
int divisor;
if (Speed == 0) /* Avoid divide by zero */
return (-1);
else
divisor = (int) (115200L/Speed);
if (portbase == 0)
return (-1);
disable();
c = inportb(portbase + LCR);
outportb(portbase + LCR, (c j Ox80)); /* Set DLAB */
outportb(portbase + DLL, (divisor & OxOOFF));
outportb(portbase + DLH, ((divisor >> 8) & OxOOFF));
outportb(portbase + LCR, c); /* Reset DLAB */
enable();
return (0);
}
/* Set other communications parameters */
int serial::SetOthers(int Parity, int Bits, int StopBit)
{
int setting;
if (portbase == 0) return (-1);
if (Bits < 5 Bits > 8) return (-1);
if (StopBit 1= 1 && StopBit != 2) return (-1);
if (Parity NOPARITY && Parity != ODDPARITY && Parity
EVENPARITY)
return (-1);
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setting =
setting |=
setting 1=
Bits-5;
((StopBit == 1) ? OxOO : Ox04);
Parity;
disable() ;
outportb(portbase + LCR, setting);
enable();
return (0);
}
/* Set up the port */
serial::serial(int Port, int Speed, int Parity, int Bits, int StopBit)
{
ccbuf = new char[SBUFSIZ];
if (ccbuf == 0) {
SError = OUTOFMEMORY;
return;
}
flag = 0;
if (SetPort(Port))
flag = -1;
if (SetSpeed(Speed))
flag = -1;
if (SetOthers(Parity,
flag = -1;
if (!flag)
initserial();
else
Bits, StopBit))
SError = CANTOPEN;
}
Control-Break interrupt handler
c_break(void)
i_disable();
fprintf(stderr, "\nStill online
return(0);
*/
}
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I*
int
{
Appendix V: Simulation Plots of Equipotential Lines
and Electric Field Arrows
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Equipotential Lines for Having Sand Only: Simulated at 10 Hz,
Electrodes Spaced 10 cm Apart
V V V V P P YPPP P
P P
p p p ~ p A
Equipotential Lines w/ Electric Field Arrows for Having Sand Only:
Simulated at 10 Hz, Electrodes Spaced 10 cm Apart
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Equipotential Lines for Metal Surrogate Mine: Simulated at 10 Hz,
Electrodes Spaced 10 cm Apart
Equipotential Lines w/ Electric Field Arrows for Metal Surrogate Mine:
Simulated at 10 Hz, Electrodes Spaced 10 cm Apart
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Equipotential Lines for Teflon Surrogate Mine: Simulated at 10 Hz,
Electrodes Spaced 10 cm Apart
/1
/
Equipotential Lines w/ Electric Field Arrows for Teflon Surrogate Mine:
Simulated at 10 Hz, Electrodes Spaced 10 cm Apart
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Equipotential Lines for Hollow Teflon Surrogate Mine: Simulated at
10 Hz, Electrodes Spaced 10 cm Apart
bP
4 4
A 0A L"
PP
AOA
Equipotential Lines w/ Electric Field Arrows for Hollow Teflon Surrogate
Mine: Simulated at 10 Hz, Electrodes Spaced 10 cm Apart
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Equipotential Lines for Having an Air Pocket: Simulated at 10 Hz,
Electrodes Spaced 10 cm Apart
VV P P
V VVV V V V V V IV y V V P b
A A A h A h
4 d
A 4
Equipotential Lines w/ Electric Field Arrows for Having an Air Pocket:
Simulated at 10 Hz, Electrodes Spaced 10 cm Apart
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Equipotential Plot of Vacuum Mine
ground plane
AIR
:4V sense guard
spacers
(Av el)eSAND
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Equipotential Plot of ABS Mine
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AIR
Equipotential Plot of Sand Only
MINE
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Equipotental Plot of Metal Mine
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Appendix VI: Photographs of Measurement Setup
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Stepper Motor Setup
Voltage Amplifier, Controller Box, Short Circuit Measurement Interface Box,
Computer
75
Entire Setup
Parallel Plate with Fixed Air Gap
76
77
References
1. Mamishev, A.V., "Interdigital Dielectrometry Sensor Design and Parameter Estimation
Algorithms for Non-Destructive Materials Evaluation," M.I.T. Ph.D. thesis, May, 1999,
Chapter 12.
2. Mamishev, A.V., B.C. Lesieutre, and M. Zahn, "Optimization of Multi-Wavelength
Interdigital Dielectrometry Intrumentation and Algorithms," IEEE Transactions on
Dielectrics and Electrical Insulation, Vol. 5, No. 3, pp. 408-420, June 1998.
3. Zaretsky, M.C., L. Mouayad, and J. R. Melcher, "Continnum properties from
interdigital electrode dielectrometry," IEEE Transactions on Electrical Insulation, vol. 23,
pp. 897-917, Dec. 1988.
